Reactive astrocytes are a pathological hallmark of many CNS injuries and neurodegenerations. They are characterized by hypertrophy of the soma and processes and an increase in the expression of glial fibrillary acidic protein. Because the cells obscure each other in immunostaining, little is known about the behavior of a single reactive astrocyte, nor how single astrocytes combine to form the glial scar. We have investigated the reaction of fibrous astrocytes to axonal degeneration using a transgenic mouse strain expressing enhanced green fluorescent protein in small subsets of astrocytes. Fibrous astrocytes in the optic nerve and corpus callosum initially react to injury by hypertrophy of the soma and processes. They retract their primary processes, simplifying their shape and dramatically reducing their spatial coverage. At 3 d after crush, quantitative analysis revealed nearly a twofold increase in the thickness of the primary processes, a halving of the number of primary processes leaving the soma and an eightfold reduction in the spatial coverage. In the subsequent week, they partially reextend long processes, returning to a near-normal morphology and an extensive spatial overlap. The resulting glial scar consists of an irregular array of astrocyte processes, contrasting with their original orderly arrangement. These changes are in distinct contrast to those reported for reactive protoplasmic astrocytes of the gray matter, in which the number of processes and branchings increase, but the cells continue to maintain nonoverlapping individual territories throughout their response to injury.
Introduction
Astrocytes respond to many forms of CNS insults by becoming "reactive." They upregulate the expression of intermediate filaments [e.g., glial fibrillary acidic protein (GFAP), vimentin], the cell body, and processes hypertrophy, and the cells form a glial scar (Eddleston and Mucke, 1993; Ridet et al., 1997; Sofroniew, 2009; Sofroniew and Vinters, 2010) . The immunocytochemical detection of GFAP has been a standard marker for reactive astrocytes. However, GFAP delineates only ϳ15% of the total volume of an astrocyte (Connor and Berkowitz, 1985; Bushong et al., 2002) , leaving the true morphology of an astrocyte unseen and making it difficult to differentiate between the many morphological types of astrocytes (Kettenmann and Ransom, 2005) . Cytoplasmic markers can reveal the finer processes, but produce a labeling pattern with little visible separation between neighboring astrocytes. Therefore, although reactive gliosis is a stereotypic response of astrocytes to stress, for most types of astrocytes, it is unknown how an individual reactive astrocyte actually appears, and how a population of these cells remodels to form a glial scar.
The best-studied astrocytes, in terms of morphology and organization, are the protoplasmic astrocytes of the gray matter. By microinjection and using transgenic animals, these astrocytes have been visualized in detail. They are organized in nonoverlapping spatial domains, with overlap of only the most peripheral processes of neighboring astrocytes (Bushong et al., 2002; Ogata and Kosaka, 2002; Halassa et al., 2007; Oberheim et al., 2008 Oberheim et al., , 2009 . After injury, reactive protoplasmic astrocytes in the hippocampus and cortex maintain their nonoverlapping spatial domains and thus the volume of neuropil they occupy, but the main processes hypertrophy and the number of primary processes leaving the soma increases. Overall, this increases the density of processes filling that volume (Wilhelmsson et al., 2006) .
Fibrous astrocytes of the white matter are not organized into spatial domains, and the processes of neighboring astrocytes interdigitate extensively (Oberheim et al., 2009) . Beyond the observation that GFAP expression is conspicuously upregulated, little is known of how fibrous astrocytes react to injury. Butt and Colquhoun (1996) used single-cell injections to demonstrate a simplification of the processes of individual astrocytes after a transection of the optic nerve proper of immature rats. Here, we have used a transgenic mouse strain that expresses enhanced green fluorescent protein (EGFP) in subsets of astrocytes to obtain a detailed visualization of many astrocytes (Nolte et al., 2001; Emsley and Macklis, 2006) . We have studied the complete morphology and spatial arrangement of reactive fibrous astrocytes within three CNS structures: the glial lamina at the head of the optic nerve, the myelinated portion of the optic nerve, and the corpus callosum. We gave particular emphasis to the glial lamina, because in glaucoma this region is thought to be the primary site of insult leading to axonal degeneration and there are extensive changes in the GFAP labeling pattern here (Quigley, 1999; Buckingham et al., 2008; Soto et al., 2008) . We found that fibrous astrocytes undergo a complex, two-stage process of remodeling that is distinctly different from the process in reactive protoplasmic astrocytes.
Materials and Methods
Animals. All animal procedures were approved by the Research Animal Care Committee of the Massachusetts Eye and Ear Infirmary in Boston. Mice were housed in a 12 h light/dark cycle and received food and water ad libitum. Two mice strains were used in this study: (1) wild-type C57BL/6 (Charles River) and (2) transgenic mice in which astrocytes express EGFP under the control of the human GFAP promoter (hGFAPpr-EGFP). This strain was developed by injecting a 2.2 kb fragment of the human GFAP promoter fused to the EGFP gene into oocytes of FVB/N mice (Nolte et al., 2001 ). This strain shows bright labeling of sporadic individual astrocytes within the central (brain, retina, optic nerve) and peripheral nervous system. The green fluorescent cells in this mouse line do not include any neurons, oligodendrocytes, or microglia (Nolte et al., 2001; Emsley and Macklis, 2006; Sun et al., 2009) . Our laboratory maintains a strain crossing hGFAPpr-EGFP mice with the DBA/2J line (The Jackson Laboratory), and for practical reasons, we used the offspring in some of our experiments. DBA/2J mice harbor two mutations (in the Gpnmb and Tyrp1 genes) that eventually lead these mice to develop glaucoma, first apparent at 6 months of age (Anderson et al., 2002; Libby et al., 2005) . In these offspring, the expression pattern of EGFP was identical to that of the hGFAPpr-EGFP founder strain (Sun et al., 2009) , and the animals used in our experiments were only 1-1.5 months old, well before the onset of any rise in intraocular pressure or glaucomatous changes. Furthermore, all the observations were confirmed with experiments in C57BL/6 and the hGFAPpr-EGFP founder strain. Heterozygous mice were used for all experiments involving transgenic animals, and EGFP expression was confirmed by inspecting the ears of adult animals under a dissecting microscope equipped for fluorescence microscopy.
Optic nerve crush and corpus callosum lesions. Mice were anesthetized with an intraperitoneal injection of 100 mg/ml ketamine and 20 mg/ml xylazine. For optic nerve crush, the nerve of one eye was exposed and clamped at either one of two locations: (1) immediately behind the globe at the posterior margin of the glial lamina or (2) ϳ0.5 mm from the globe within the myelinated portion of the nerve. The clamp was performed for 10 s using a self-closing jeweler's forcep (FST self-closing forceps, curved tip). For corpus callosum lesions, a hole was drilled through the skull at the location of the bregma, and a 25 ga needle lowered 2 mm using a micromanipulator. The mice were killed at 3, 7, 14, and 30 d after the surgery, and the brains or eyes were harvested. To ensure that the optic nerve crush did not affect the patency of the inner and outer retinal blood supply, we examined the pattern of the blood vessels after crush, labeled via a tail vein injection of 3% Evan's blue immediately before the mice were killed. We did not observe any changes even after 7 d after crush (Fig. 1) .
5-Bromo-2Ј-deoxyuridine administration. Studies of cell proliferation on animals that underwent optic nerve crush were performed with the thymidine analog 5-bromo-2Ј-deoxyuridine (BrdU; Sigma) dissolved in sterile saline. Animals were initially given an intraperitoneal injection of BrdU (100 mg/kg) 1 h after the nerve crush and then once per day for the next 3 or 7 d after the crush, until they were killed. Corresponding control animals were identically treated.
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling. Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) was performed with a Fluorescein In Situ Cell Detection kit (Roche Applied Science) according to the manufacturer's instructions. As positive controls, some sections were treated with DNase I (1 g/ml; Sigma) before the TUNEL reaction.
Tissue preparation. The skull was opened to expose the brain. Forceps were then used to carefully separate the brain from the optic nerve and chiasm. If needed, the brain was immediately immersed in 4% paraformaldehyde overnight at 4°C. The head containing the optic nerve was fixed for 1 h at room temperature. After fixation, both tissues were washed in 0.1 M PBS (pH 7.4, three times for 10 min). The procedure for removing the optic nerve from the skull has been described previously (Sun et al., 2009 ). Optic nerves were sucrose (30%) protected overnight, mounted in freezing medium, cryosectioned at 14 m thickness, collected on coated slides, and stored in the freezer until use. The brain was embedded in 4% agarose and sectioned at 150 m in the coronal plane using a vibratome.
Immunofluorescence. Optic nerve and brain sections were incubated in blocking solution (3% donkey serum, 0.5% Triton X-100, 0.01% NaN 3 in PBS) for 1 h at room temperature. Sections were then incubated in primary antibodies diluted in blocking solution overnight (optic nerve sections) or for 4 -5 d (brain sections) at room temperature, after which they were washed in PBS (pH 7.4, three times for 10 min). For BrdU staining, sections were treated for antigen retrieval using the HCl denaturation process. Sections were transferred to 2N HCl for 30 min at 37°C, rinsed in PBS (three times for 10 min), and blocked before the primary antibody was applied. The primary antibodies used were as follows: rabbit anti-GFAP (1:2000; Abcam), mouse anti-SMI32 (1:200; Covance), rabbit anti-NG2 (1:200; Millipore), rat anti-CD11b (1:200; Abcam), mouse anti-vimentin (1:100; Abcam), rabbit anti-S100␤ (1:200; Abcam), rabbit anti-myelin basic protein (MBP; 1:400; Abcam), and rabbit anti-PCNA (1:250; Abcam). Sections were then washed in PBS (three times for 10 min) and incubated in secondary antibodies conjugated with fluorescein isothiocyanate (1:400, donkey anti-rabbit; Jackson ImmunoResearch) or rhodamine (1:400, donkey anti-rabbit, -rat, and -mouse; Jackson ImmunoResearch). Secondary antibodies were applied for at least overnight at room temperature and subsequently washed in PBS (three times for 10 min).
Particle-mediated dye transfer. The Helios Gene Gun System (165-02431; Bio-Rad) was used to deliver tungsten particles coated with lipophilic dyes into agarose-embedded sections of the optic nerve. Preparations of the DiI bullets have been described previously (Gan et al., 2000; Kong et al., 2005) . Briefly, 300 -400 l of methylene chloride was added to 20 mg of tungsten beads (1.1 m) and 3 mg of DiI (Invitrogen). The mixture was sonicated, poured onto a glass slide to air dry, scraped off, and placed in 3 ml of distilled water. The solution was drawn into Tefzel tubing using a syringe and rotated using the tubing prep station (165-2431; Bio-Rad) for 5 min. The water was slowly drawn out of the tube using a syringe, and the tube was allowed to air dry for 5 min before cutting into bullets using the tube cutter. The coated tubing was loaded into the Helios Gene Gun (Bio-Rad), and the optic nerves were shot at 120 -160 psi.
Image collection and analysis. Images were acquired on a Radiance laser-scanning confocal microscope (Bio-Rad) equipped with Kr/Ar and CO 2 lasers mounted on a Zeiss Axioscope II. Water-immersion lenses 25ϫ/0.8 Plan-Apochromat, 40ϫ/1.2 C-Apochromat, and 63ϫ/1.2 C-Apochromat (Carl Zeiss) were used. Images were taken using the Lasersharp 2000 software (Bio-Rad) and exported into ImageJ (National Institutes of Health) software. Images are either single focal plane scans or a maximum-intensity projection of a stack of images made at a step size of 0.3-0.5 m. The brightness and contrast of the final images were adjusted using Adobe Photoshop CS2; no other digital image processing was performed. Each panel in the figures represents a typical finding from a sample of four to six mice.
The width of the thickest astrocyte process was measured at a location 12-15 m away from the nucleus. This was performed for both GFAPlabeled and EGFP-expressing processes. Quantification of the number of primary processes leaving the soma was determined from threedimensional reconstructed images of the EGFP-expressing astrocytes. The convex hull of an astrocyte was determined from maximumintensity projections and defined as the area enclosed by a convex polygon formed by touching the longest processes of the astrocyte. Astrocytes within the glial lamina are relatively flat (Sun et al., 2009) , so that the area covered by a single cell could be measured on the projection of its processes in the transverse plane. The spatial coverage was the convex hull area as a percentage of the total cross-sectional surface area of the optic nerve. The means and SEMs were calculated, and the differences between experimental and control groups were tested using an ANOVA test with significance determined to occur when p Ͻ 0.05.
Results

Reactive fibrous astrocytes in the glial lamina-GFAP labeling
The normal optic nerve head of the mouse contains a specialized region called the glial lamina, where GFAP-labeled processes are particularly dense and are transversely oriented with respect to the long axis of the optic nerve ( Fig. 2 A, B) . In transverse section, these processes partition neighboring ganglion cell axons into bundles, forming glial tubes and giving the glial architecture of this region a honeycomb appearance (Fig. 2C,D) . A typical glial tube arrangement is shown in the inset in Figure 2C , where numerous thick processes combine to form the walls of the glial tube, whereas short thin processes run into the center of the glial tube. The average thickness of the main processes was 1.10 Ϯ 0.17 m (Fig. 2 M) (n ϭ 46 processes, 5 mice). The glial lamina contains no oligodendrocytes or NG2 glial cells. The architecture of the normal glial lamina has been described previously in depth Sun et al., 2009) .
Three days after crush, the optic nerve showed axonal loss and remodeling of the GFAP-labeled processes (Fig. 2 E-H ) . The processes within the glial lamina were disorganized, hypertrophied, and no longer arranged to form glial tubes (Fig. 2 E-H ) . In this example, the processes were particularly thick within the central region of the glial lamina (Fig. 2G) . Interestingly, astrocyte processes were present in areas devoid of axons and vice versa (Fig.  2G,H ) . The axons distal to the crush site died through Wallerian degeneration and showed bulbous swellings (Fig. 2 F, arrows) . The glial lamina also showed numerous fluid-filled cysts (Fig.  2G,H, asterisks) . Morphometric analysis indicates that the GFAP-labeled processes were thickest at 3 and 7 d after crush (Fig. 2 M) (3 d: 1.51 Ϯ 0.24 m; n ϭ 30 processes, 5 mice; 7 d: 1.52 Ϯ 0.22 m; n ϭ 38 processes, 5 mice). There was no significant difference in the thickness of the processes between 3 and 7 d after crush.
At 2 weeks, the optic nerve showed a severe loss of axons and the formation of a glial scar (Fig. 2 I-L) . The glial lamina was completely filled with a dense, tightly packed meshwork of disorganized processes such that there were no areas devoid of GFAP labeling (Fig. 2 , compare K, inset, C, inset). The honeycomb appearance of this region was disrupted (originally formed by thick bundles of GFAP-labeled processes) (Sun et al., 2009) , and there appeared to be a greater number of short thin processes. Without the presence of axons, the astrocyte processes no longer formed glial tubes (Fig. 2 K, L) . At this stage, the processes were no longer as thick as at 3 d after crush (Fig. 2 K, M ) (1.20 Ϯ 0.14 m; n ϭ 40 processes, 5 mice). .) There were also fluid-filled cyst formations (asterisks). J, L, At 2 weeks after crush, there was a greater loss of axons. I, K, The processes of astrocytes were not as thick as at 3 d after crush, and the areas devoid of axons are now filled with a dense and disorganized array of processes (K). The inset in K is an enlargement of the dashed square. There were no longer any glial tube formations. M, Morphometric analysis of the thickness of the processes within the glial lamina based on GFAP labeling (mean Ϯ SEM; *p Ͻ 0.05). N, The schematic depicts the crush site (thunderbolt) and how the optic nerve was sectioned (red bars). The double-headed arrow in A, E, and I indicates the direction of the long axis of the optic nerve. Ax, Axons; V, blood vessel. Scale bars, 100 m. Reactive fibrous astrocytes in the glial lamina remodeling of individual astrocytes GFAP labeling does not reveal the complete morphology of individual astrocytes. We therefore used transgenic mice (hGFAPpr-EGFP) that express EGFP in subsets of astrocytes to reveal their complete morphology in the normal and crushed optic nerve (see Fig. 4 A-IЈ) . Seven days after crush, colocalization of the EGFP-expressing cells with antibodies against MBP, CD11b, and NG2 demonstrated they were not oligodendrocytes, microglia, or NG2 cells, but astrocytes, as they colocalized with vimentin, S100␤, and GFAP (Fig. 3A-F ) (data not shown for other time points). As determined by (A, D, F, H) or transverse (B, E, G, I ) sections of the glial lamina and represent maximum intensity projections. A, Normal astrocytes in the glial lamina have processes that are transversely arranged to form a sheet-like arrangement. B, They have long primary processes that traverse the entire width of the optic nerve to contact the pial wall (arrowheads). The processes of neighboring astrocytes overlap extensively. At 3 d after crush, astrocytes become reactive and show hypertrophy of the soma and remaining processes. D, E, They retract their primary and higher-order processes and lose their transverse orientation (arrows). The shortening of processes reduces the spatial coverage of individual astrocytes. F-I, These changes persist to 7 d after crush (F-G؆), and by 2 weeks (H-I), there is a thinning and reextension of the processes, although they never recover their original length. These processes follow a tortuous path and do not form glial tubes. C, Morphometric analysis shows that these morphological changes are most severe at 3-7 d after crush, showing a gradual recovery by 2 weeks and 1 month after crush (mean Ϯ SEM; *p Ͻ 0.05). The schematic in A and B depicts how the optic nerve was sectioned (gray bars) and applies to their respective columns. The double-headed arrow in A, D, F, and H indicates the direction of the long axis of the optic nerve. Scale bars, 20 m.
TUNEL labeling, the morphological changes after the crush injury were not attributable to apoptosis (Fig. 3G) . Labeling with BrdU demonstrated there was no significant cell proliferation (Fig. 3H ) (also confirmed by staining with PCNA; data not shown).
In the normal glial lamina, individual astrocytes have thick, elongated cell bodies and processes preferentially oriented transversely to the long axis of the optic nerve (Fig. 4 A) . These astrocytes rarely project extensive longitudinal processes, and, collectively, they form sheets aligned transversely across the optic nerve (Fig. 4 A) . In a transverse section, the primary processes appear as dense trunks emanating from a cytoplasmic extension of the soma (Fig. 4 B, arrowhead) . These processes often span the entire width of the optic nerve to contact the pial wall or blood vessels. In addition, many short fine processes project directly from the soma. The morphology of these astrocytes has been described previously in depth (Sun et al., 2009 ). Quantitatively, the width of the thickest process was 1.14 Ϯ 0.17 m, consistent with measurements based on the GFAP labeling (Fig. 2 M) . The number of primary processes leaving the soma was 6.19 Ϯ 1.08. Astrocytes within the glial lamina are relatively flat cells (Sun et al., 2009) , so that the area covered by a single cell could be measured from the projection of its processes in the transverse plane. The convex hull, here defined as the area enclosed by a convex polygon touching the longest processes, was 15,023 Ϯ 2,563 m 2 (45 cells, 5 mice). The spatial coverage (convex hull as a percentage of the total cross-sectional surface area of the optic nerve) was 38.57 Ϯ 12.9%.
At 3 d after crush, EGFP expression revealed striking morphological changes in reactive fibrous astrocytes of the glial lamina. There was hypertrophy of the processes and cell bodies, retraction of primary processes (a reduction in the number of processes and branching), and a loss of their transverse orientation (Fig. 4 D-EЈ, arrows) . Many small fine processes, especially those that emanate directly from the soma, were also lost. Quantitatively, the processes of these reactive astrocytes thickened by Figure 5 . Reactive fibrous astrocytes in the myelinated optic nerve of the hGFAPpr-EGFP mouse showed similar morphological changes to those observed in the glial lamina. A-H, Individual fibrous astrocytes from the normal (A-C) and crushed (D-H) myelinated optic nerve. Longitudinally oriented astrocytes were hairy in appearance, with many small fine processes projecting from the primary processes (A, B). Transversely oriented astrocytes have long thin slender primary processes that reach out to contact the pial wall (C). Three days after crush, these astrocytes showed changes similar to those for reactive astrocytes of the glial lamina: hypertrophy of the soma and remaining processes and retraction of their primary and higher-order processes (D-F). At 7 d after crush, many of the primary processes have reextended. The small fine processes that emanate from the primary processes do not return (G, H). I, The schematic depicts the crush site (thunderbolt), the location of the imaged astrocytes (dashed box), and how the optic nerve was sectioned (horizontal gray bar). The double-headed arrow in each panel indicates the direction of the long axis of the optic nerve. Ax, Axons; V, blood vessel. Scale bars, 20 m.
nearly twofold and the number of primary processes leaving the soma halved (Fig. 4C) (width of the thickest process was 1.74 Ϯ 0.38 m; number of primary processes leaving the soma was 3.38 Ϯ 0.96; convex hull was 1398 Ϯ 437 m 2 ). The spatial coverage of an individual reactive astrocyte diminished almost eightfold to ϳ5% of the total surface area of the glial lamina (Fig.  4C ) (spatial coverage was 4.63 Ϯ 1.9%; n ϭ 50 cells, 6 mice). The glial tubes through which axon bundles once passed are gone. Instead, the glial lamina is filled with a disorganized array of hypertrophied astrocytes (Fig. 4 E, EЈ) .
The morphological changes persisted to 7 d after crush (Fig. 4 F-GЉ) . At this time, the thickness of the astrocyte processes was maximal, and many astrocytes reextended some processes (Fig. 4GЈ,GЉ) . There was a small but significant in- Figure 6 . Reactive fibrous astrocytes in the corpus callosum showed morphological changes similar to those observed in the glial lamina and myelinated optic nerve. A, B, A survey image from a section of the corpus callosum showed many EGFP-expressing astrocytes within this region of the hGFAPpr-EGFP mouse (arrowheads). Astrocytes in the normal corpus callosum were similar in appearance to astrocytes in the myelinated optic nerve. C-F, Their main processes run parallel to the nerve fibers, they have many short fine processes, and the processes of neighboring astrocytes overlap extensively. They have a process that ends with a large endfoot contacting a blood vessel (C, F, arrowheads) . G-I, Three days after a cortical stab lesion (long arrowhead), reactive astrocytes retract many of their primary and higher-order processes (H, I). J, K, Some of the primary processes have partially reextended by 7 d after crush. C, Cortex; CC, corpus callosum; CP, caudate-putamen. Scale bars: B, 100 m; A, C-K, 20 m.
crease in the number of primary processes leaving the soma, compared with 3 d after crush (Fig. 4C) (width of the thickest process was 2.26 Ϯ 0.44 m; number of primary processes leaving the soma was 4.38 Ϯ 0.96; convex hull was 2337 Ϯ 985 m 2 ; spatial coverage was 5.15 Ϯ 2.70%; n ϭ 48 cells, 5 mice). Moreover, the spatial organization of the reactive astrocytes was still severely disrupted (Fig. 4G) .
By 2 weeks after crush, the morphological appearance of individual reactive astrocytes recovered. In longitudinal section, the general shape of these astrocytes appeared close to normal (Fig.  4 H) . The length of the processes increased compared to 7 d after crush, the thickness of the primary processes was reduced, and the number of primary processes leaving the soma increased (Fig.  4C, I, IЈ) . However, there was no recovery of the small fine processes. The width of the thickest process was 1.77 Ϯ 0.34 m, the number of primary processes leaving the soma was 4.89 Ϯ 1.27, convex hull was 2923 Ϯ 764 m 2 , and spatial coverage was 10.12 Ϯ 3.11% (n ϭ 47 cells, 6 mice). The GFAP labeling pattern seen in Figure 2 K was made up of these shorter than normal and thin processes, many of which followed a tortuous path, disrupting the previously regular organization of the glial tubes. One month after crush, both the thickness and the number of processes leaving the soma had returned to near normal levels, although the length of their processes remained somewhat shorter than normal, reducing the spatial coverage (Fig. 4C) . The width of the thickest process was 1.45 Ϯ 0.32 m, the number of primary processes leaving the soma was 5.4 Ϯ 1.52, convex hull was 9473 Ϯ 1254 m 2 , and spatial coverage was 14.96 Ϯ 4.42% (n ϭ 39 cells, 5 mice).
Reactive fibrous astrocytes in the myelinated optic nerve and corpus callosum
The glial lamina is a specialized region of the optic nerve head where the ganglion cell axons are unmyelinated. To determine whether the reactive phenotype of astrocytes in the glial lamina was representative of fibrous astrocytes more generally, we examined reactive astrocytes in the myelinated portion of the optic nerve and the corpus callosum (Fig. 5) . Normal astrocytes within the myelinated optic nerve exhibit a wide spectrum of shapes, sizes, and orientation. The various forms of these astrocytes have been described in detail previously (Butt et al., 1994a,b; Sun et al., 2009 ). For simplicity, we describe here astrocytes at the extremes of the spectrum of orientation, which we will term longitudinally and transversely oriented astrocytes (Fig. 5A-C) . Longitudinal astrocytes have primary processes that run in parallel to the long axis of the optic nerve. They are typically "hairy" in appearance, with many small offshoot branches ( Fig. 5 A, B) . Transversely oriented astrocytes have thin, elongated cell bodies; primary processes that run perpendicular to the long axis of the optic nerve and extend to the pial wall; and have few higher-order branches (Fig. 5C ). Three days after crush, both longitudinally and transversely oriented astrocytes retract their primary and higher-order processes, reducing the number of processes and branchings. This was similar to the remodeling of reactive astrocytes within the glial lamina. However, the remaining processes showed less hypertrophy ( Fig. 5D-F) . By 7 d, the primary processes have partially reextended, but not the small offshoot branches (Fig. 5G,H) .
Fibrous astrocytes in the normal corpus callosum have a similar appearance to those in the myelinated optic nerve, in that the processes run in parallel to the path of the nerve fibers; they have an overall hairy appearance, and the processes of neighboring astrocytes overlap extensively (Fig. 6 A-F ) . In many cases, these astrocytes have a thick prominent primary process that ends with a large endfoot contacting a blood vessel (Fig. 6C,D, arrowheads) . Three days after a cortical stab lesion, the astrocytes become reactive and respond by shortening and thickening their processes, similar to changes seen in reactive astrocytes of the glial lamina and myelinated optic nerve (Fig. 6G-I ) . However, the cell bodies of these astrocytes do not show significant hypertrophy. At 7 d, some of these processes partially reextend (Fig. 6 J, K ) . Thus, the overall pattern of retraction and thickening followed by reextension is similar for all the astrocytes within the CNS fiber tracts studied here.
The phenotype of reactive astrocytes in the hGFAPpr-EGFP mouse is representative of the native astrocyte population
We performed two types of control experiments to verify that the changes observed in fibrous astrocytes were not artifacts of the transgenic strain. First, we examined reactive protoplasmic astrocytes within the cortex of hGFAPpr-EGFP mice after a stab lesion. The expected response of these astrocytes has been carefully described in C57BL/6 mice, where astrocytes were visualized by A, B) and reactive (C) astrocytes within the glial lamina of the C57BL/6 mouse. As an alternative method of confirming the reactive changes observed in the hGFAPpr-EGFP mouse, we diolistically labeled astrocytes within the normal and crushed glial lamina. A, B, Astrocytes labeled this way had a similar morphology to those observed in the hGFAPpr-EGFP mouse; in the transverse section, they have long thin slender processes that often traversed the entire width of the optic nerve (A, arrowheads) and contacted the pial wall with bulbous endfeet (B, arrowheads). C, Seven days after crush, there was retraction of the primary processes and hypertrophy of the remaining processes (arrowheads). There is less contrast by this method of labeling because DiI distributes mainly within the plasma membrane, whereas EGFP fills the soma and processes. Scale bars, 20 m.
single-cell dye injections (Wilhelmsson et al., 2006) . We found the same pattern of changes when the cells were visualized by EGFP expression. Normal protoplasmic astrocytes in the cortex of hGFAPpr-EGFP mice have a bushy morphology with many fine processes extending from the primary processes. Neighboring protoplasmic astrocytes maintain nonoverlapping spatial domains (Fig. 7A ) (Bushong et al., 2002; Ogata and Kosaka, 2002; Wilhelmsson et al., 2006) . At 3 d after crush, reactive protoplasmic astrocytes within hGFAPpr-EGFP mice appeared identical to those described by Wilhelmsson et al. (2006) . There was hypertrophy of the primary processes (Fig.  7B, arrowheads) and an apparent increase in the number of primary processes leaving the soma and branchings (Fig. 7B) . A striking feature in the response of protoplasmic astrocytes to injury is that they maintain their nonoverlapping spatial arrangement after becoming reactive. This was also observed for reactive protoplasmic astrocytes in the cortex of our hGFAPpr-EGFP mice (Fig. 7B) , confirming the fidelity of EGFP expression as an astrocyte marker.
As a second control, we used an alternative method of visualizing the morphological changes of reactive astrocytes. Astrocytes in the normal and crushed optic nerves of age-matched C57BL/6 mice were labeled by particle-mediated transfer of DiI (see Materials and Methods). Dyelabeled astrocytes from the normal glial lamina appear similar to those in the hGFAPpr-EGFP mice. They have many long primary processes (Fig. 8 A, arrowheads) ending with bulbous endfeet that contact the pial wall on the other side of the optic nerve (Fig. 8 B, arrowheads). Reactive astrocytes in the 7 d after crush optic nerve showed hypertrophy and shortening of processes (Fig. 8C , arrowheads), similar to changes in reactive astrocytes of the hGFAPpr-EGFP mice.
Discussion
The central question of this study was to resolve the structural changes undergone by fibrous astrocytes as they become "reactive." We used transgenic mice that express EGFP in subsets of astrocytes to study the structure of reactive fibrous astrocytes within the glial lamina, the myelinated portion of the optic nerve and the corpus callosum. Individual fibrous astrocytes undergo a two-stage remodeling process, first retracting and simplifying and then partially reextending their processes. In contrast, reactive protoplasmic astrocytes increase the number of processes and branches while maintaining their individual spatial domains throughout injury. This increases the density of processes filling that volume. The main common feature between the response of fibrous and protoplasmic astrocytes was the hypertrophy of the soma and remaining processes.
Structural remodeling of fibrous astrocytes
A simplification of the process architecture seems to be a common initial response of fibrous astrocytes to injury, as was also observed by Butt and Colquhoun (1996) . Here we show that the morphological response of fibrous astrocytes occurs in two stages. In the first stage, many primary and higher-order processes retract, simplifying the overall shape of the astrocyte, and by 3 d after crush dramatically diminishing their spatial coverage by as much as eightfold. It is not known why astrocytes would react in such a way. The initial shortening of processes would be expected to cause a loss of gap-junctional coupling, a detachment of their endfeet from the pial wall and blood vessels, and of processes that might be associated with surviving axons. In addition, the reduction in their spatial domain, along with the loss of axons, means that the degenerating neuropil at some stage may contain a certain volume devoid of cellular elements.
In the second stage (Ͼ7 d), the processes partially reextend and thin again. Within the glial lamina, the processes that have reextended follow a tortuous path and do not organize themselves to form the honeycomb structure as seen in the normal glial lamina. This suggests that the presence of axons is required to guide the processes of astrocytes to form the glial tubes. The astrocytes do appear to regenerate at least a limited number of contacts with the pia and blood vessels, as well as an arbor of processes covering a substantial fraction of the degenerated nerve. Astrocytes therefore seem to contain a cell-intrinsic program that directs them to assume a more or less normal morphology and contact these target structures independent of the presence of axons. 
How does the glial scar form?
The appearance of the glial scar within the white matter (e.g., optic nerve and spinal cord) has been well documented by visualizing the GFAP labeling pattern, which reveals a dense and disorganized meshwork of thickened processes (Blaugrund et al., 1992; Frank and Wolburg, 1996; Podhajsky et al., 1997; Sellés-Navarro et al., 2001; Ohlsson et al., 2004; Okada et al., 2006; Howell et al., 2007; Herrmann et al., 2008) . By visualizing EGFPexpressing reactive astrocytes, we show morphological changes that go unseen when reactivity is detected by GFAP labeling. For example, it was not possible to see that these astrocytes change shape and reduce the length of their processes so dramatically.
One question that emerges from the remodeling of these individual astrocytes is what fills in the space produced by the loss of axons. Also in the crushed optic nerve, Wohl et al. (2009) found a small increase in the number of astrocytes, but one unlikely to be sufficient to completely fill the space vacated by the loss of axons. In the brain, the source of newly divided scarforming astrocytes is not well established, and there are several potential possibilities. One line of evidence is that mature astrocytes can reenter the cell cycle and proliferate during scar formation (Bush et al., 1999; Buffo et al., 2008; Gadea et al., 2008) . Evidence has also been presented that some proliferating reactive astrocytes can derive from NG2 progenitor cells in the local parenchyma (Magnus et al., 2008) or from ependymal cell progenitors after injury or stroke (Meletis et al., 2008; Carlén et al., 2009) . Additionally, multipotent progenitors that express GFAP and reside in the subependymal tissue (Garcia et al., 2004) generate progeny cells that can migrate toward the site of injury after trauma or stroke (Ohab and Carmichael, 2008) . In our experiments, hypertrophy of individual astrocytes does not appear to account for filling of the vacated space within the optic nerve. The thickness and the number of processes return to normal levels by 1 month after crush. Moreover, the spatial domain of individual astrocytes is, in fact, smaller after axonal degeneration than before (Fig. 4) . We did not find significant cell proliferation within the glial lamina. Part of the loss of volume can be accounted for by the overall shrinkage of the degenerated nerve. Whether or not there is migration of cells from neighboring regions cannot be determined from our material.
The functions of reactive astrocytes
Reactive astrocytes and the glial scar have potentially both beneficial and detrimental effects. Scar-forming reactive astrocytes have been proposed to take up excitotoxic glutamate; provide protection from oxidative stress via glutathione production; repair the bloodbrain barrier; minimize neuronal loss, lesion size, and demyelination; limit the spread of an inflammatory response; and, in the long term, improve functional recovery (Rothstein et al., 1996; Bush et al., 1999; Faulkner et al., 2004; Swanson et al., 2004; Myer et al., 2006; Okada et al., 2006; Rolls et al., 2009; Sofroniew, 2009; Voskuhl et al., 2009) .
There is also a growing understanding that dysfunction or effects of reactive astrocytes can contribute to or be primary sources of CNS damage, either through the loss of essential functions performed by astrocytes or reactive astrocytes, or through the gain of detrimental effects. Astrocytes play a critical role in the regulation of blood flow, homeostasis of ions, extracellular fluid and transmitters, energy provision, and synaptic function and remodeling (Ullian et al., 2001; Simard and in any of these normal processes has the potential to cause pathology. Astrocytes have the potential to gain detrimental effects. These can include release of excitotoxic glutamate; exacerbation of inflammation through cytokine production, a compromise of the blood-brain barrier through the production of vascular endothelial growth factor; production and release of reactive oxygen species; and release of inhibitory extracellular matrix components such as chondroitin sulfate proteoglycans (Swanson et al., 2004; Brambilla et al., 2005 Brambilla et al., , 2009 Takano et al., 2005; Hamby et al., 2006; Yiu and He, 2006; Fitch and Silver, 2008; Argaw et al., 2009) .
From a purely anatomical standpoint, the glial scar may provide beneficial structural support. For example, in a partial lesion, the scar functions as a scaffold to fill the space devoid of axons, preventing the tissue from collapsing or shrinking and thus causing deformation of the surviving axons. On the other hand, the classic detrimental effect of the glial scar is the inhibition of axon regeneration. It was traditionally thought that the scar provides a physical barrier for regeneration. In terms of the glial lamina, once a scar is formed within this region, it is difficult to see how, if axons were to regenerate, they would reorganize to form bundles with a topographic relationship to the retina (Fig. 9) . In glaucoma, the glial lamina region (analogous to the lamina cribrosa region in humans) is thought to be the initial point of axonal degeneration (Quigley, 1999; Jakobs et al., 2005; Howell et al., 2007; Buckingham et al., 2008; Soto et al., 2008) . Here, there is also extensive remodeling of the GFAP labeling pattern , and so the structural changes described in this study after nerve crush likely reflect the changes in glaucoma.
The morphological changes seen here seem to be a general feature of fibrous astrocytes in CNS fiber tracts. Why is a two-stage remodeling process necessary? The detachment of its processes from the surrounding structures is counterintuitive as such connections are normally required for astrocytes to perform their diverse functions. It would seem more efficient and quite possible for existing processes to simply form a new space-filling arrangement, or for astrocytes to extend more processes, rather than first simplifying and shortening their processes and later reextending them. Perhaps the changes in gene expression that occur during the different stages of remodeling would yield clues.
